[1] We use air gun shots recorded by ocean bottom seismometers (OBSs) to generate a three-dimensional (3D) P-wave tomographic velocity model of the Trans-Atlantic Geotraverse (TAG) segment of the MidAtlantic Ridge, and to search for evidence of reflections from a shallow crustal fault interface. Near-vertical reflections were observed in some of the seismic records from OBSs deployed within the active seismicity zone defined by microearthquake hypocenters. Forward modeling of synthetic seismograms indicates that these reflections are consistent with a fault interface dipping at a low angle toward the ridge axis. Our observations suggest that the fault zone may extend beneath the volcanic blocks forming the eastern valley wall. Our 3D tomographic results show that the across-axis structural asymmetry associated with detachment faulting extends at least 15 km to the east of the ridge axis, indicating that detachment faulting and uplifting of deep lithologies has been occurring at the TAG segment for at least the last $1.35 Myr. The velocity model contains a 5 km by 8 km velocity anomaly within the detachment footwall. This anomaly, which is present beneath the active TAG hydrothermal mound, is characterized by a velocity inversion at 1.5-2.0 km below seafloor underlain by reduced P-wave velocities ($6.2-6.5 km/s compared to surrounding areas $7.0-7.2 km/s) extending down to 3.5 km below seafloor. The velocity anomaly likely results from some combination of thermal and/or hydrothermal processes, and in either case our results suggest that hydrothermal fluids circulate within the upper section of the detachment footwall beneath the active mound.
Introduction
[2] It has been long recognized that slip along oceanic detachments faults (ODFs) formed at midocean ridges (MORs) is responsible for seafloor exposures of lower crustal and upper mantle rocks [Dick et al., 1981; Karson and Dick, 1983] . Observations of mafic and ultramafic exposures forming oceanic core complexes (OCCs) [Karson and Lawrence, 1997] at or near the ends of slowspreading segments, where magma supply from the mantle is thought to be low and intermittent [Cannat, 1993; Cannat et al., 1995] , contributed to initial conceptual models in which ODFs develop and evolve along magma-poor MORs during periods of amagmatic seafloor spreading [e.g., Tucholke and Lin, 1994] . However, those models have evolved during the last decade as more geological and geophysical observations became available [e.g., Canales et al., 2008; Escartín et al., 2003; Ildefonse et al., 2007; MacLeod et al., 2002; Smith et al., 2008; Tucholke et al., 2008] , and it has been recently recognized that detachment faulting is a fundamental mode of accretion for oceanic lithosphere [Escartín and Canales, 2011; Escartín et al., 2008; Smith et al., 2006] . [3] The dome-shaped fault exposures have historically been described as low-angle normal faults [Dick et al., 1981; Mutter and Karson, 1992; Tucholke and Lin, 1994] because they typically dip $15 -30 where they break the seafloor [Tucholke et al., 1998 ], but recent observations and numerical models indicate that they initiate at high angles. Microearthquakes observed at the Trans-Atlantic Geotraverse (TAG) segment of the Mid-Atlantic Ridge (MAR) dip at $70 in the lower crust [deMartin et al., 2007] , and paleomagnetic reconstructions from samples drilled at two MAR OCCs (Atlantis Massif OCC and a detachment fault north of the Fifteen-Twenty fracture zone) are consistent with large (50 -80 ) footwall rotations during the exhumation of mafic and ultra-mafic lithologies [Garcés and Gee, 2007; Morris et al., 2009] . These results are consistent with so-called rolling hinge models of flexure and rotation during normal fault evolution [e.g., Buck, 1988; Lavier et al., 1999] . [4] Several studies have provided insights into the subsurface structure of OCCs, including crustal thickness and large-scale lithological variations [e.g., Canales et al., 2008; Dannowski et al., 2010; Henig et al., 2012; Ohara et al., 2007; Planert et al., 2010; Xu et al., 2009] . However, the only constraints to-date on the geometry of active detachment faults come from the [2003] [2004] Seismicity and Structure of the TAG Segment (STAG) experiment [Canales et al., 2007; deMartin et al., 2007] . Hypocenters from this study delineate a steep ($70 ) fault surface at depths from 3 to 7 km that is curved in plan view, indicating a domeshaped structure. The asymmetric seismic velocity structure in the shallow crust (<2 km below seafloor, bsf) suggests uplift along a low-angle ($20 ) fault. These results have been interpreted as indicating that the TAG detachment is formed by a single fault system that rotates from a dip of $70
to $20 at a depth of $2-3 km below the seafloor. [5] In this paper we extend the STAG results by performing a three-dimensional tomographic inversion of the active-source P-wave first arrivals recorded on ocean bottom seismometers (OBSs) (previous inversions were performed on 2D lines), and by documenting the presence of reflected phases in the active-source OBS records that strongly suggest the existence of a fault interface in the shallow crust. We discuss the implications of our new results for the geometry and rotation of the detachment fault, and the structure of the footwall beneath the active TAG hydrothermal mound.
Background

Geological Setting
[6] The TAG segment is located along the MAR between 25 55′N and 26 20′N (Figure 1 ), bounded by two right-stepping non-transform offsets . The rift valley floor at the segment ends is characterized by deep (4,000-4,500 m) nodal basins, and shoals toward the segment center up to $3,700 m. The rift valley walls show a pronounced asymmetry at the segment center, with more elevated topography along the eastern flank than along the western flank (Figure 1) . The absence of a welldeveloped mantle Bouguer gravity anomaly in the TAG segment [Fujimoto et al., 1996] (a feature commonly observed in many other MAR segments [e.g., Detrick et al., 1995; Lin et al., 1990] ) suggests relatively high rock densities at shallow levels. [7] Structurally, the rift valley floor is characterized by a discontinuous, $4-km-wide neovolcanic zone of unfissured volcanics [Kleinrock and Humphris, 1996] (Figure 1 ). The neovolcanic zone is flanked to the east by a highly fissured zone that hosts the TAG hydrothermal field [Kleinrock and Humphris, 1996] . The hydrothermal field is comprised of a low-temperature alteration zone and several hightemperature hydrothermal deposits [Rona et al., W, 26.13508 N; y axis is oriented 22 degrees clockwise from North). Magenta and green labeled circles correspond to OBSs that recorded air gun signals along profiles displayed with the same color. The OBSs shown as white circles recorded all air gun signals. White dots are microearthquake epicenters from the catalog of deMartin et al. [2007] . Black lines connect all of the source-receiver pairs for which travel-times were picked and used in the tomography inversion. 1986, 1984] . One of them -the active TAG mound -is presently discharging fluids at temperatures of up to 360 C [Sohn, 2007] .
[8] Hydrothermal discharge has been occurring in this area for at least the past $150 kyr [Lalou et al., 1995] , generating $3.9 million tons of massive sulphide deposits [Humphris et al., 1995] . Vent fluid composition at TAG is generally similar to that of fluids sampled at the fast spreading East Pacific Rise [Campbell et al., 1988; Edmonds et al., 1996] , and the low fluid pH [Campbell et al., 1988] suggests little interaction with ultramafic rocks. However, the presence of native Ni particles in sediments nearby have been interpreted as being derived from tectonically uplifted serpentinized ultramafics/mafics [Dekov, 2006] , and low boron levels in TAG fluids have likewise been interpreted to result from boron removal during the serpentinization of ultra-mafic rocks [Palmer, 1996] . Sr and O isotopes in fluid samples indicate that flow pathways in this system are longer, and probably penetrate deeper, than in other hydrothermal systems hosted in fast spreading MORs [Bach and Humphris, 1999] .
[9] The eastern valley wall comprises sedimented, uplifted, terraces and fault scarps [Kleinrock and Humphris, 1996] that in some instances expose gabbros [Zonenshain et al., 1989] , indicating exposure of intrusive crustal rocks there. Tivey et al. [2003] argue that a low magnetization anomaly observed along the eastern valley wall is consistent with $4 km of extension along a detachment fault since $0.35 Ma. These authors suggest that the active TAG hydrothermal mound is located on the hanging wall of a detachment fault, about 2.5 km away from the fault termination. Slip along the fault may have episodically increased the permeability of the hanging wall, reactivating the overlying hydrothermal systems and contributing to their longevity [Tivey et al., 2003 ].
Previous Seismic Studies
[10] An early microseismicity and controlled-source seismic study of the TAG segment using seven ocean bottom hydrophones and three OBSs [Kong, 1990; Kong et al., 1992] reported high levels of seismicity during a three-week period in 1985 along the median valley floor with hypocentral depths ranging between 3 and 7 km bsf (with earthquake depth generally increasing away from the segment center). Kong et al. [1992] also reported the presence of a low P-wave velocity zone at a depth of 3-6 km beneath the neovolcanic zone at 26 06′N that was interpreted as a recent magmatic intrusion.
[11] More recently, the STAG experiment recorded microseismicity at the TAG segment during an 8-month period in 2003 using a network of 13 OBSs [deMartin et al., 2007] . Hypocenters from nearly 20,000 microearthquakes with local magnitudes between 1 ≤ M L ≤ 4 define a $15-km-long, steeply dipping ($70 ), arcuate fault surface that penetrates to depths >7 km bsf [deMartin et al., 2007] .
[12] The STAG experiment included a controlledsource wide-angle OBS experiment to determine the crustal architecture of the TAG segment [Canales et al., 2007; deMartin et al., 2007] . Twodimensional P-wave velocity models revealed a pronounced asymmetry across the rift valley floor. Velocities greater than 6.5 km/s at depths as shallow as 1 km bsf were found along the eastern valley wall, forming a roughly triangular shaped (in the along-axis direction) high-velocity body centered at the segment center that was interpreted as the uplifted footwall of the detachment fault. The velocity contrast (6.5 km/s immediately overlain by $4.0 km/s) interpreted as the hanging wall/footwall interface dips at $20 toward the ridge axis within the upper $3 km of the velocity model, which contrasts with the 70 dip of the fault interface as inferred from the microearthquake hypocenters at depths greater than 3 km, suggesting that the detachment originates at high angles and undergoes significant flexural rotation to low angles as the footwall is exhumed [Canales et al., 2007; deMartin et al., 2007] .
[13] Significantly, Canales et al. [2007] did not find evidence in the wide-angle refraction data for the mid-crustal low seismic anomaly reported by Kong et al. [1992] , which was interpreted to as a hot but solidified recent magmatic intrusion. Instead, the deep penetration of the microearthquakes (>7 km bsf) indicates that the brittle lithosphere is relatively thick, which led deMartin et al. [2007] to hypothesize that hydrothermal fluids at TAG must be extracting heat from a deep (>7 km bsf) magmatic reservoir.
3. Three-Dimensional Seismic Tomography 3.1. Wide-Angle Seismic Data [14] Details regarding the OBS recording parameters and source characteristics can be found in Canales et al. [2007] , where the 2D crustal structure along three profiles (two along-axis and one across-axis) is reported. The OBSs, however, also recorded air gun shots fired along auxiliary lines and transits between the main profiles, as well as arrivals from off-line shots (Figure 1) Canales et al. [2007] ) and shots 701-798 along the center of the valley floor, and shots 801-1055 along roughly circular line centered at the active TAG mound. OBSs 09, 10, and OBSs D16-D62 recorded all of the shots fired during the experiment. Adding these arrivals results in a total of 8,982 highquality travel-time picks, which is significantly larger than the 2,656 source-receiver pairs used in the 2D analyses. By adding these off-line raypaths to the analysis we achieve dense ray coverage with a broad range of azimuths at the center of the segment, particularly in the region characterized by microseismic activity related to detachment faulting ( Figure 1c ). These new data allow us to expand the 2D results from Canales et al. [2007] into a 3D seismic tomography model.
[15] P-wave first arrival travel times were handpicked in band-pass filtered (5-20 Hz) record sections without differentiating between crustal (Pg) and mantle (Pn) refracted phases, and excluding direct water-wave arrivals (Figure 2 ). Observed travel-time uncertainties were calculated based on the signal-to-noise ratio (SNR) [Zelt and Forsyth, 1994] . SNR was calculated as the square root of the ratio between maximum trace amplitudes in a 250-ms window before and after pick. In addition, travel time uncertainties included a constant value of 30 ms to account for uncertainties in source and receiver location and uncertainty in seafloor ray entry point in areas with large topographic variations. [16] We applied the iterative first-arrival tomography method of Zelt and Barton [1998 ] to obtain a smooth, isotropic 3D P-wave velocity model of the TAG segment. We seek a solution with the least amount of required structure that fits the observed data adequately (ideally with a normalized c 2 misfit as close as possible to 1). This is accomplished by using a regularized least squares solution to the inverse problem that minimizes an objective function that includes the data residuals (weighted by their uncertainty) and the second spatial derivative of the model parameters [Zelt and Barton, 1998 ]. The tradeoff between minimizing travel-time residuals and obtaining a smooth solution is controlled by the parameter l. We run a number of inversions to find the appropriate values of l and the horizontal grid node spacing for the inverse problem (D xy ). The forward problem (raypath and travel time calculations) is solved on a volume with a uniform node spacing of 250 m in X, Y, and Z directions. Ray entry points in the seafloor are found along 3D raypaths with minimum travel time between sources and receivers. A relatively dense parameterization of 113 Â 257 horizontal nodes in an area of 28 km Â 64 km and 53 vertical nodes from 0 to 13 km below the seafloor (1,539,173 nodes in total) is used for ray tracing. The inverse problem uses a volume with 1000 m cell spacing of both horizontal directions and 500 m in the vertical direction (46,592 cells in total). The seafloor interface was constructed from multibeam bathymetry data acquired during the STAG experiment. Velocity in the water layer was fixed at 1.5 km/s. [17] For this set of inversions we used the onedimensional (1D) average velocity model of Profile 1 of Canales et al. [2007, Figure 4 ] as our starting model. The 1D structure was draped from the seafloor to build the starting 3D volume. Travel-times predicted by this 1D structure fit the data poorly (c 2 > 24; Figures 3a and 3b) with residuals ranging from À400 to 500 ms, indicating that a simple 1D structure cannot satisfactorily explain the observed data. We explored solutions in this two-parameter space for l values between 1 and 10, and D xy values between 500 and 5,000 m. Results show that the combination (l = 1 and D xy = 1,000 m) provides the best fit to the data (c 2 = 1.7 in Figure 4 ).
Tomography Method
Preferred P-wave Velocity Model and Data Fit
[18] Any solution to the inverse problem depends to some degree on the starting model chosen. To account for the influence of the starting model on the solution and to obtain an estimate of the uncertainty that the starting model introduces in the final solution, we followed a Monte Carlo approach similar to that of Zhang et al. [1998] and Korenaga et al. [2000] . We constructed 100 random 1D initial models ( Figure S1 in the auxiliary material) and ran 100 different inversions. 1 Assuming that the [19] The 100 inversions were run using the parameters described in the previous section. The preferred velocity model ( Figure 5 ) was constructed by averaging the 100 inverse solutions, and it predicts travel-time residuals that are normally distributed with c 2 = 1.72 ( Figure 3c ). All instruments are equally well fit, with no travel-time residual dependence on shot number or instrument location (Figure 3d ). Data residuals do not show dependence with source-receiver offset, indicating that observations are equally well fit at all offsets (Figure 3e ). Travel-time residuals do not have a resolvable dependence with source-receiver azimuth, even when residuals are binned according to ray turning depth. Thus, even if our solution is isotropic, we cannot detect any anisotropic signature in the data 
Velocity Model Description
[20] The preferred model confirms the main features reported by Canales et al. [2007] , such as the asymmetric seismic structure of the TAG segment (Figure 5b , Y = 0 km) and the triangular, or domeshaped high-velocity body at the center of the segment (Figure 5a , X = 0 km). However, the larger data set and wider azimuthal coverage employed here allows a better characterization of these features, in particular their spatial variation both along-and across-strike. Estimates of the model uncertainty ( Figure S2 ) and checkerboard resolution tests ( Figure S3 ) are described in the auxiliary material. [21] In an across-axis section the TAG segment exhibits an asymmetric structure (Figure 5b) , with the eastern valley wall and ridge flank characterized by elevated seismic velocities (>6 km/s), within the upper 1 km of crust. In contrast, velocities of 6 km/s or higher beneath the western side of the rift valley are only found at sub-seafloor depths greater than 2 km. This asymmetric pattern results from a highvelocity region that occupies the central part of the segment, with an across-axis width of $12 km from X ≈ À2 km to X ≈ 10 km (Figures 5b and 5c ). In the along-axis direction, this high-velocity region has a triangular shape with a length of $10 km at 2 km bsf and $20 km at 4 km bsf (Figures 5a and 5c ). [22] In plan view, the high-velocity region at shallow depths (e.g., Z = 1 km bsf, Figures 6a, 6b, and 7) is bounded by the deeper local microseismicity, reinforcing the interpretation of deMartin et al. [2007] and Canales et al. [2007] that this feature represents the uplifted footwall of the TAG detachment fault. As depth increases, the velocity structure of the footwall becomes more heterogeneous, with the southern half of the footwall showing lower velocities than the northern half (Figures 6c and 6d ) (i.e., 6.5 km/s versus 7.0 km/s at sub-seafloor depths >2 km, Figures 5c and 7) . At shallow levels (2 km bsf), this relative low velocity zone (6.2-6.5 km/s) is surrounded by high-velocity zones (>7 km/s) to the north, south, and east, and a lower velocity region outboard of the detachment fault to the west (Figure 6 ). At greater depths, the low velocity zone becomes wider, eventually occupying all except the northwestern corner of the footwall at 4 km bsf ( Figure 6 ). The footwall low velocity zone is in most parts also coincident with a velocity inversion occurring at $1.5 km bsf (Figure 7 ). The velocity inversion, which is defined by a pronounced negative vertical velocity gradient, occupies a $5-kmwide zone extending from just southwest of the TAG active hydrothermal mound to the centraleastern edge of the footwall (Figure 8 ).
Observation and Modeling of Shallow Crustal Reflections
[23] DeMartin et al. [2007] interpreted the steep dip of the TAG microearthquakes and the asymmetric crustal structure revealed by seismic refraction data as resulting from a single detachment fault that rotates $50 in the upper crust. Although this interpretation is consistent with other geophysical and geological observations [e.g., Tivey et al., 2003; Zonenshain et al., 1989] , the shallow-dipping fault zone in the shallow crust has yet to be directly imaged. To this end we use forward modeling to compute synthetic seismograms to aid identification of arrivals in the OBS refraction data that might represent reflections from a fault interface in the shallow crust.
Forward Modeling of Synthetic Seismograms
[24] We calculate seismograms simulating the OBS data from Profile 2 (Figure 1 ) using two different velocity models: a model based on the velocity structure of Profile 2 that we name "no fault model" (Figure 9a) , and a second model named "detachment fault model" (Figure 9b [25] Synthetic seismograms were calculated using a finite difference approximation of the acoustic wave equation in the frequency domain [Pratt, 1999] . P-wave velocity, density and attenuation were defined in 3601 Â 801-node regular grids with 12.5 m node spacing. Densities were estimated from the P-wave velocities using the relationships of Carlson and Raskin [1984] , and attenuation was set to Q p À1 = 10 À4 in the water layer and Q p À1 = 10 À3 below the seafloor. The source is a three-excursion Kupper wavelet with a central frequency of 11.8 Hz. Synthetic seismograms were calculated for 540 frequency components evenly distributed between 0 and 45 Hz. The numerical simulations indicate that reflections from the fault should be best observed at source-receiver offsets <4 km, a few to several hundred ($200-1,000) milliseconds behind the direct water wave (Figures 9d-9g ). 
. Seismic Reflections in the OBS Data Set
[26] Based on the forward modeling results we inspected data recorded along the across-axis Profile 2, focusing on the near offsets in a narrow time window immediately after the arrival of the direct water wave (Figure 9c ). Data from instruments D35 and D21 show seismic arrivals with characteristics similar to those predicted by the "detachment fault model" (Figures 9d and 9e) , while the data from instrument D62 is somewhat equivocal (Figure 9f ). 
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In contrast, data from instruments D48, 09, and 10 do not show any evidence of shallow crustal reflections (Figures 9g and 10 ).
[27] We have employed a relatively simple approach in order to investigate the feasibility of observing reflections from a low-angle fault in the shallow crust within our study area. We have found that several of our instruments exhibit reflected arrivals in the time windows expected for our assumed fault geometry, although we acknowledge that our simple model cannot fully describe the data. For example, data from OBS D36 show arrivals from a shallow reflector at 0-3 km offset ( Figure 10 ) that were not predicted by our model (because of the position of the instrument relative to the fault), which may indicate that the fault geometry is different or more complex than assumed in our model. More sophisticated models could be generated (e.g., modifying the velocity and fault geometry of the "detachment fault model") with the aim of inferring the fault geometry from ray-tracing and travel-time modeling, but the data from the OBS network is too sparse to support such analyses. A dedicated seismic reflection survey employing a streamer and/or a denser network of OBSs and closely spaced shots will be required to fully constraint the geometry and nature of the shallow reflector evidenced in our records. In Section 5.2 we discuss possible origin(s) for the observed seismic arrivals, and consider the 
Implications for the Timing and Longevity of Detachment Faulting at TAG
[28] Based on a near-bottom magnetic study, Tivey et al. [2003] proposed that the TAG ODF is an incipient feature that has been active since $0.35 Ma, in which case exhumed footwall rocks should only be present within a $4-km-wide region just east of the TAG active hydrothermal mound. In contrast, Smith et al. [2008] and Schouten et al. [2010] propose that detachment faulting has been occurring on the east flank of the TAG segment for at least the last 2 My based on the morphological characteristics of a series of lineated ridges on the eastern ridge flank interpreted to be rafted hanging wall blocks. Our new 3D velocity model of the TAG segment is more consistent with the hypothesis of Smith et al. [2008] because we find that the asymmetric velocity structure characterized by high P-wave velocity in the eastern flank extends at least 15 km east of the present spreading axis ( Figure 5 ). (We consider that the spreading axis is defined by the neovolcanic zones, which are located at X = À4 km for Y = 0 km, and that good model resolution at Y = 0 km is limited to the region where X < 10 km, Figure 6 ). If we assume symmetric spreading and a total spreading rate of 22 km/Myr [Tivey et al., 2003] , our results suggest that detachment faulting has been active at TAG at least for the last $1.35 Myr. However, detachment faulting may be associated with asymmetric accretion [e.g., Okino et al., 2004; MacLeod et al., 2009] , accommodating perhaps up to 80% of the plate separation [Baines et al., 2008] , such that our estimate may represent an upper bound. Furthermore, we note that our data and models cannot discern whether extension has occurred on a single long-lived detachment fault as opposed to a series of consecutive, shorter-lived, detachment faults.
New Constraints on the Geometry of the TAG Detachment Fault
[29] The reflections we observed in some of the STAG record sections (Figures 9 and 10 ) are generated by impedance contrasts in the shallow crust, but the reflections themselves are not diagnostic of the source zone lithologies. The two most geologically probable reflectors are a low-angle fault zone (as per our synthetic models) and the transition from extrusive to intrusive basalt lithologies (i.e., seismic layer 2A/2B interface). Reflections from the seismic layer 2A/2B interface have been observed at other MAR segments, and the timing of these arrivals (e.g., 0.2-0.4 s below the seafloor at segment OH-1 near 35 N [Hussenoeder et al., 2002] and $0.4-0.6 s bsf at the Lucky Strike segment [Seher et al., 2010a] ), are consistent with the reflector travel-times observed in the STAG data set (Figures 9 and 10 ). Therefore we cannot rule out the possibility that the reflections we observe correspond to the seismic 2A/2B boundary. However, given that the TAG segment is known to host an active oceanic detachment fault, and that the observed arrivals are qualitatively similar to those predicted by a model with a low-angle fault in the shallow crust (Figure 9b) , we prefer the low-angle fault zone model for our observations.
[30] If our interpretation is correct, then the observation of shallow reflected arrivals at OBS D36 (Figure 10 ) suggests that the shallow portion of the fault may extend farther east than previously supposed. This supports the idea that the linear ridges forming the east flank of the TAG segment are tilted drafted blocks that cap the TAG OCC , a style of detachment faulting that is proposed to occur preferentially near segment centers [Reston and Ranero, 2011] , as it does here. We can use the timing of zero-offset (i.e., when the air gun source is directly above an OBS on the seafloor) reflected arrivals to constrain the subseafloor depth of the source reflector beneath OBS D36. This instrument shows zero-offset reflections $90 ms behind the direct water wave (Figure 10 ), corresponding to a source depth of $150 m bsf (assuming shallow crustal velocities of $2400 m/s). This estimate is likely a maximum value because shallow crustal velocities tend to be overestimated in wide-angle velocity models. We do not consider the data quality for the reflections observed on OBSs D21, D35, and D62 to be sufficient to allow for arrival time picking, but it is nevertheless clear that the data trend toward later arrival times moving west across the profile, which also supports the idea of a westward dipping fault interface.
Footwall Structure and Hydrothermal Convection
[31] Early studies hypothesized that heat extracted from cooling hot but solidified mid-crustal plutonic intrusions is the main driver of high-temperature hydrothermal convention at the TAG segment [Kong et al., 1992; Rona et al., 1993; Tivey et al., 2003 ] (although energy and chemical balances seem to require heat from crystallization of a melt reservoir [Humphris and Cann, 2000] ). These ideas were modified in light of the results from the STAG experiment, wherein microseismicity was found to extend deep into the crust/uppermost mantle (>7 km) [deMartin et al., 2007] , and no evidence for a mid-crustal magma chamber (i.e., low-velocity anomaly) beneath the valley floor neovolcanic zones was found in the seismic refraction data [Canales et al., 2007] . These results led to the hypothesis that the heat driving hydrothermal convection is sourced out of a magma body at the root zone of the detachment fault, in the lower crust/ upper mantle.
[32] Our 3D tomographic velocity model contains a relatively low velocity anomaly (6.2-6.5 km/s) embedded within the high-velocity body forming the footwall of the detachment fault (Figures 5, 6 , and 7). This feature extends from 1.5 km bsf to at least 4 km bsf (Figures 6 and 7) . The low-velocity feature was recognized by Canales et al. [2007] in their 2D model of Profile 1, but the new 3D model provides better constraints on its location and lateral extent. The velocity anomaly is centered beneath the active TAG hydrothermal mound (Figure 6 ), and is surrounded by high-velocity zones where P-waves travel at 7.0-7.2 km/s (Figures 5c, 6, and 7) . At greater depths, the low velocity anomaly becomes wider, about 8 km in diameter, eventually occupying most of the footwall at 4 km bsf (Figure 6 ), but its lowest value remains centered beneath the TAG hydrothermal mound ([X, Y] = [0, 0] km). Relatively low velocities are also present outside of the detachment footwall (e.g., along the valley floor, X < À4 km, and Y < 10 km, Figure 6 ), indicating that some caution is required when interpreting the low-velocity feature in terms of processes associated with the detachment footwall. However, a negative velocity gradient (i.e., velocity inversion, Figure 7 ) at a depth of $1.75 km bsf overlies most of the low-velocity region, and it is spatially restricted to central and southern parts of the footwall (Figure 8 ). The region of velocity inversion is located beneath the TAG active hydrothermal mound, extending roughly SW-NE across a slightly elongated $5 km Â 8 km section of the footwall. Our resolution tests indicate that features of this size within this part of the 3D model are resolvable with our data (Figures S3g and S3h) . The striking spatial correlation of this feature with the detachment footwall and the location of the active hydrothermal mound lead us to conclude that the velocity inversion and low-velocity anomaly underneath it are features associated with hydrothermal processes at TAG detachment fault system.
[33] We consider three possible scenarios for the origin of this region of anomalously low velocities: (1) a hot, perhaps partially molten, gabbro pluton intruding the detachment fault footwall; (2) serpentinized mafic/ultramafic rocks, with hydration of the footwall being enhanced by hydrothermal fluid flow; or (3) a highly fissured zone produced by extensional stresses during footwall exhumation.
Thermal/Melt Origin
[34] Canales et al. [2007] argued against a thermal source for the velocity anomaly based on thermal models of OCC formation Williams et al., 2006] , and the assumption that the observed seismic activity beneath the TAG active hydrothermal mound, which extends below $5 km bsf, precludes the occurrence above this depth of temperatures higher than those associated with the brittle-plastic transition. These arguments remain valid, but they do not account for the complicated thermal structure of a detachment footwall that is likely to arise from the interplay of complex hydrothermal flow paths along the fault and within the footwall [McCaig and Harris, 2012; McCaig et al., 2010] , nor do they account for potential time-space variations in the emplacement of magma within the detachment fault system [Olive et al., 2010] . Therefore we cannot rule out the possibility that the velocity anomaly (Figure 8 ) has a thermal origin possibly representing a hot, partially molten pluton. If this scenario is correct, then it may not be necessary to invoke deep heat extraction and alongfault fluid circulation for the TAG system [deMartin et al., 2007] . A heat source located within the footwall could drive hydrothermal circulation at TAG and promote high-temperature alteration of footwall lithologies, as has been documented at Atlantis Massif OCC [Nozaka and Fryer, 2011] .
Lithological Origin
[35] Geological and geophysical studies have documented the lithological heterogeneity of detachment fault footwalls, with gabbros and serpentinized peridotites being the dominant lithologies [e.g., Blackman et al., 2011; Canales et al., 2008; Dick et al., 2008; Henig et al., 2012; Xu et al., 2009] . The footwall anomaly in our model has P-wave velocities in the range of 6.2-6.5 km/s, which are consistent with 50-60% serpentinized peridotite, while the high-velocity sections of the footwall (7.0-7.2 km/s) are consistent with either gabbro or 25-35% serpentinized peridotite [Miller and Christensen, 1997] . It is thus plausible that the velocity heterogeneity that we observe within the TAG footwall has a lithological origin, with the lower velocities corresponding to altered ultramafics and the higher velocities corresponding to gabbroic and/or less-altered ultramafic rocks. The velocity inversion (Figure 7 ) could thus represent a shallow gabbroic body overlying serpentinized peridotite. A similar velocity structure and stratigraphic relationship has been proposed for the Kane OCC [Canales, 2010] , and is consistent with proposed models of OCC formation by intrusion of a gabbro body into a peridotite host [Ildefonse et al., 2007] .
[36] The arguments against the presence of altered ultramafics lithologies within the TAG footwall come primarily from the lack of observations of ultramafic exposures in the area [Zonenshain et al., 1989] , and from the chemistry of hydrothermal plume fluids [e.g., Charlou et al., 1991] . The ratio of Total Dissolved Manganese (TDM) to methane (CH 4 ) concentration in fluids sampled from the water column above the TAG segment indicate that present-day hydrothermal fluids principally interact with basalt as opposed to peridotite [Campbell et al., 1988; Charlou and Donval, 1993] . However, native Ni 0 particles recovered from sediments surrounding the TAG hydrothermal field have been interpreted as resulting from the tectonic disturbance of a serpentinized fault zone [Dekov, 2006] , and low boron levels in TAG fluids have been attributed to serpentinization in the downgoing convection limb [Palmer, 1996] . In addition, hydrothermal discharge at TAG has been episodic, with numerous periods of sporadic venting from the various mounds located on the detachment footwall over the past $140,000 yrs [Lalou et al., 1995 [Lalou et al., , 1993 , and we do not know how the fluid chemistry varied over this period. Thus it seems possible that previous episodes of hydrothermal discharge may have involved serpentinization of ultramafic rocks within the detachment fault zone, even though present-day fluids appears to react primarily with basalt.
Fracturing Origin
[37] The footwall of a detachment fault experiences bending stresses as it is exhumed and rotated to lower-angle dips in the shallow crust [Buck, 1988] , and extension of the upper surface of the footwall has the potential to reduce seismic velocities via fracturing. This process would also increase permeability in the upper section of the footwall, which is likely to be exploited by circulating hydrothermal fluids. Fracturing of the footwall is thus a plausible hypothesis for the low velocity zone, but fracturing should be most intense in the region where the footwall is rotating, which is 2-3 km west of the active mound [deMartin et al., 2007] , and thus not co-located with the region of reduced velocities in our model. Also, this hypothesis would predict that bending-related fractures extend all the way up to the seafloor, which seems inconsistent with the velocity inversion (Figure 7) . [38] In summary, we cannot rule out any of the three potential mechanisms (i.e., thermal, serpentinization, fracturing) on the basis of the extant data, and a combination of any/all of them is also possible given the causal relationships between heat, permeability, and hydrothermal circulation. Regardless of the process responsible for generating the footwall velocity anomaly in our 3D model, it seems likely that the conceptual model of deMartin et al. [2007] and its generalization and broader implications put forth in McCaig et al. [2007] will need to be revised to include additional complexity in the detachment footwall. Additional research will be required to determine the mechanism(s) that have created the seismic velocity structure of the detachment footwall, and this is an important topic for future work at TAG.
Comparison With Other MAR Segments
[39] We compare our 3D velocity model for the TAG segment with results from other similar and contrasting MAR segments where seismic studies of comparable scale and resolution have been conducted: at 22
19′N where an OCC forms the western MAR flank [Dannowski et al., 2010] , and the magmatically robust segments OH-1 at 35 N [Magde et al., 2000; Dunn et al., 2005] and Lucky Strike at 37 20′N [Seher et al., 2010b] .
The OCC at the MAR 22 19′N
[40] The MAR segment between 22 05-25′N is characterized by a dome-shaped massif located $10 km off-axis forming the western valley wall, interpreted as an OCC. Here a 2D wide-angle seismic profile across the OCC and MAR valley shows a pronounced structural asymmetry in the upper 3-4 km of the lithosphere, with the west flank and OCC having higher seismic velocities than the eastern flank [Dannowski et al., 2010] . The structural asymmetry is very similar to that found across the TAG segment, indicating that at both locations lithospheric structure is strongly controlled by uplift of deep lithological units and OCC formation. Perhaps the main difference is that the OCC at 22
19′N is more developed and probably more mature than the TAG OCC, although whether or not detachment faulting at 22 19′N remains active is unclear [Dannowski et al., 2010] . Dannowski et al. [2010] reported observations of PmP reflections from the Moho beneath the OCC, which they interpreted as indicating continuous magmatic accretion during OCC formation. In our TAG data set we do not observed PmP arrivals from beneath the footwall, perhaps because the impedance contrast at the Moho beneath the TAG OCC may be less developed than at 22 19′N because of the TAG OCC is younger and not fully formed yet.
[41] Crustal thickness differences between the 22 19′N OCC and its conjugate flank were interpreted as resulting from slip along the fault and OCC rotation [Dannowski et al., 2010] and not necessarily from asymmetric crustal accretion as has been proposed for other OCCs [e.g., Baines et al., 2008] . Lack of PmP observations in our TAG data set and insufficient data coverage on the conjugate western flank prevent us from quantifying the amount of crustal asymmetry at TAG and its origin.
Magmatically Robust Segments
[42] The Lucky Strike segment, located just south of the Azores hot spot, has a well-developed axial valley and rift faults characteristic of the MAR, but it hosts an unusually large central volcano, indicating a robust magma supply [e.g., Langmuir et al., 1997] . Here, an upper crustal low velocity anomaly extends along most of the segment, and at the segment center a lower crustal velocity anomaly is present beneath the central volcano [Seher et al., 2010b] . Segment OH-1 lacks a well-developed central volcano as Lucky Strike does, but this segment is also considered to be magmatically robust based on its morphological and geophysical characteristics [Detrick et al., 1995; Hooft et al., 2000] . Upper crustal structure at OH-1 is characterized by an elongated (in the along-axis direction) axial low velocity zone above a center-of-segment, midcrustal low-velocity zone [Magde et al., 2000] . The axial low velocity zone extends into the uppermost mantle, and it is accompanied by more than 2 km of crustal thickening [Dunn et al., 2005] . The lower and mid-crustal anomalies at both Lucky Strike and OH-1 have been interpreted as resulting from elevated temperatures and possibly some partial melt [Dunn et al., 2005; Seher et al., 2010b] , which are thought to arise from focused magmatic accretion at the center of the segment [e.g., Magde and Sparks, 1997] . Anomalies in the upper crust likely represent increased porosity in the axial valley caused by extrusive volcanics and ridge-parallel fractures and fissures [Dunn et al., 2005; Seher et al., 2010b] . [43] In contrast to these two magmatically robust MAR segments, our model of the crustal structure at TAG does not contain upper and mid-crustal features that could be attributed to focused magmatic accretion and/or upper crustal diking zone. The lowest crustal velocity we find at 4 km bsf is 6.5 km/s (near X = À8 km, Y = À5 km, Figure 5c ). This value is comparable to the lowest velocity reported at similar depth in OH-1 (6.4 km/s [Magde et al., 2000; Dunn et al., 2005] ), but it is located beneath the western valley walls, suggesting that it does not correspond to an accretionary center. The upper crust at TAG also lacks the elongated low velocity anomalies of Lucky Strike and OH-1. With the exception of the southernmost neovolcanic zone (X ≈ 0 km, Y ≈ [À13, À21] km), none of the other mapped neovolcanic zones overly a zone of marked low velocity anomalies (Figure 5c ). These observations indicate that mid-and upper crustal magmatic accretion at TAG is not focused at the segment center as other magmatically robust MAR segments, but instead is probably more diffuse and distributed along the segment. The absence of a high-amplitude mantle Bouguer gravity anomaly at the TAG segment [Fujimoto et al., 1996 ] also suggests that accretion is not focused at the segment center at lower crustal or mantle levels. Thus our results suggest that supply of magma to the crust at the TAG segment is more distributed along-axis compared to magmatically robust segments like Lucky Strike and OH-1. It is unknown at this time whether a distributed magma supply is a general feature of MOR segments characterized by detachment faulting, or if this is specific to the TAG segment. Additional studies of the crustal architecture of segments with active detachments will be needed to assess this issue.
Conclusions
[44] We have generated a 3D P-wave tomographic velocity model of the TAG segment of the MAR, which includes the TAG oceanic detachment fault. The model provides evidence for a velocity inversion at 1.5-2.0 km bsf beneath a region of the footwall that includes the active TAG hydrothermal mound. P-wave velocities remain low ($6.2-6.5 km/s compared to surrounding areas $7.0-7.2 km/s) down to 3.5 km bsf. We cannot constrain the source of this velocity anomaly with our data, but it likely results from some combination of thermal, lithological, mechanical, and hydrothermal processes. All of these processes lead to the conclusion that hydrothermal fluids circulate through the detachment footwall immediately beneath the active TAG mound, which appears to require modification to the conceptual model for hydrothermal circulation at TAG put forth in deMartin et al. [2007] and its broader implications for the relationship between hydrothermal fluid flow and detachment faulting [McCaig et al., 2007] .
[45] Our 3D P-wave velocity model shows that the structural asymmetry associated with detachment faulting extends at least $15 km from the ridge axis beneath a series of lineated ridges on the eastern ridge flank, indicating that faulting and uplift of deep lithologies has been occurring at the TAG segment for at least the last $1.35 Myr. We also observe seismic arrivals from a shallow crustal reflector in some of the OBS record sections. Forward modeling of synthetic seismograms indicates that these reflections are consistent with a westward shallow-dipping fault surface capping the central part of high-velocity footwall. Our observations also suggest that the fault zone may extend to the east beneath the volcanic blocks forming the eastern valley wall. Our inferred age for the TAG ODF as well as the eastward extension of the presumed shallow fault zone are both consistent with generalized models of detachment faulting that propose that OCCs are more widespread than what can be inferred from seafloor mapping because OCCs are often buried beneath rafted hanging wall blocks Reston and Ranero, 2011] .
[46] Outside of the TAG OCC, there is no evidence for upper or mid-crustal low velocity anomalies beneath the rift valley floor indicative of focused magmatic accretion, as is common in other magmatically robust MAR segments. This observation leads us to hypothesize that detachment faulting may develop in segments where melt supply is not focused at segment centers but more evenly distributed along the segment.
